In this paper, the preheading period is pre-R4, rice heading period is from R4 to R8 when rice grains are most susceptible to rice stink bug feeding, and postheading is R9 followed by harvest.
Estimates of densities of rice stink bug are important for assessing the potential for excessive losses in rice yield and grain quality (Bowling 1982 , Harper et al. 1994 . Direct observation and sweep net sampling are the two methods recommended for monitoring rice stink bug in rice. In S. vulgare, a beat-bucket method captured 100% of rice stink bug adults and 95Ð100% of rice stink bug nymphs relative to visual estimates on panicles (Merchant and Teetes 1992) . The present economic threshold is Þve or more rice stink bugs per 10 sweeps during the Þrst 2 wk after heading (Johnson et al. 1991) . Most Þelds are sampled by sweep net to estimate Þeld densities (Cherry and Deren 2000) . Initiation of sampling is usually recommended after 75% of the panicles have emerged. A sample unit consists of 10 consecutive sweeps across a 180Њ arc with a sweep made on each forward step. A series of sample units randomly taken throughout the Þeld are recommended.
A more time-efÞcient method of detecting and quantifying the movement to and/or the abundance of rice stink bugs in rice Þelds relative to grain growth stage is important in the development of integrated pest management (IPM) strategies. A more grower acceptable method may be to use a grass sweep net sample or a trap in grassy margins adjacent to rice Þelds. Such sampling should be conducted before R4 rice growth stage. A functional sampling method would predict if an economically damaging density of rice stink bugs of at least Þve rice stink bugs per 10 sweeps during the Þrst 2 wk after heading will develop in rice Þelds from R4 to R8 (rice grain Þlling period).
In various studies on seasonal occurrence, a significant difference was noted in the number of rice stink bugs collected by sweep net sampling of rice Þelds over several days, with the maximum number collected during the rice grain-Þlling growth stages R4 to R8 (Douglas 1939, Odglen and Warren 1962) . The rapid increase in rice stink bug population estimated with sweep net samples in rice during the grain-Þlling period has been attributed to adult dispersal from grassy margins of host grasses to rice Þelds followed by reproduction and in-Þeld reproduction on grassy weeds (Jones and Cherry 1986) . Bowling (1969) found a high correlation between visual counts of insects per square area and counts of insects per 10 sweeps to estimate rice stink bug populations on rice. However, no one has compared rice stink bugs sweep net counts in rice Þelds to counts from traps, visual inspections of host grass panicles, and sweep net samples all taken in grassy margins adjacent to the rice Þeld.
The objectives of this study were to compare estimates of rice stink bug population densities using yellow pyramid traps, inspections of host grass panicles, and sweep net sampling grassy margins adjacent to rice Þelds to sweep net samples taken in rice Þelds.
Materials and Methods
Studies described below were conducted in and around rice Þelds on or near the University of Arkansas Rice Research and Extension Center (RREC), near Stuttgart.
Sweep Rice. In 2001, rice Þelds of the varieties ÔBengalÕ, ÔCypressÕ, ÔWellsÕ, and ÔFrancisÕ at the RREC were chosen for the study. Sweep net samples in the rice Þeld were taken after the onset of rice heading (R4 to R7) every other day from 24 July to 3 August at 0900, 1330, and 1900 hours CDT. Four samples were taken from each Þeld with a 38-cm-diameter sweep net. Each sample consisted of 10 consecutive 180Њ arc sweeps with a sweep made on each forward step while walking through the rice Þeld. The total area covered in 10 sweeps was calculated as 1.8 m 2 using the following formula: Area ϭ 0.5r 2 path of outer net edge Ϫ 0.5r 2 path of inner net edge
Contents of the sweeps from each sample unit were bagged and frozen for later analysis in the laboratory. Nymphs, adults, and totals of rice stink bugs were recorded, and adults were sexed. Four locations in each rice Þeld were randomly selected along two transects each at a distance of 3 and 31 m interior from the rice Þeld margin. Data from both distances were pooled after analysis of variance (ANOVA) indicated no signiÞcant difference caused by sampling distance from edge.
In 2002, rice Þelds of the varieties ÔWellsÕ and ÔFran-cisÕ at the RREC were sampled. Weekly sweep net samples were taken as described above from 12 July, onset of rice heading (R4), to 9 August (near harvest or ϾR9) between 0900 and 1000 hours CDT at each of four randomly selected locations within a Þeld. Grower had Karate insecticide applied to this rice Þeld on 19 July.
In 2003, two commercial rice Þelds (Tarkington and Vice Road) and the Foundation seed rice Þeld were sampled. Five random sweep net samples were taken from each Þeld after the onset of heading (1 July; R4) and continued until just after rice harvest (17 September or ϾR9).
Sweep Grass. In 2002, four random sweep net samples were taken starting 2 wk before the onset of heading on 28 June (ϽR4) until 9 August (ϾR9) near each yellow pyramid trap. Samples were taken from four grassy margins of a 48-ha rice Þeld of ÔRU0101093Õ, ÔWellsÕ, and ÔFrancisÕ. Contents of the sweeps were processed as described previously. The ÔWellsÕ and ÔFrancisÕ Þelds were harvested on 29 August and 6 September, respectively.
In 2003, a count of rice stink bugs from sweep net samples was taken near each of the 15 pyramid traps in the grassy margins of the Tarkington, Vice Road, and Foundation rice Þelds (Þve per Þeld). Sampling occurred from 1 July (no heading or R2) to 29 September, which was well after an early September harvest. The Þelds were at 75% heading by 21 July (R4 or R5).
Panicles. In 2002, visual counts of rice stink bugs on panicles of known rice stink bug host grasses were made in the rice Þeld margin of the rice variety Ô1093Õ (6 ha). The east edge of this Þeld had a grassy margin separating it from the ÔWellsÕ Þeld (12 ha) where Þve pyramid traps were being sampled. Counts were made from 28 June (no heading or R2) to 9 August (R7 to R8). A visual sample consisted of counting rice stink bugs (nymphs, adults, and totals) on one panicle with each step for 10 steps. Four 10-panicle samples per site were taken randomly from four margins adjacent to each rice Þeld.
Traps. One-meter-high pyramidal base of a TedderÕs trap (Tedders and Wood 1994) with four vanes was painted safety yellow and Þtted with an inverted screen funnel 33 cm diameter by 30 cm height with a 2-cm diameter opening (Rashid et al. 2002) . A capture screen 20 cm diameter by 38 cm height was stapled over the screen funnel. The funnel directed insects upward through the opening into the capture arena. Four 0.5-m-long pieces of rebar were hammered into the soil near the center of the trap to hold it upright.
In 2001, two trap types with nine bait treatments were compared for attractiveness to rice stink bug adults in three rice Þelds on or near the RREC. Yellow pyramid trap set up occurred on 18 July with four or three treatment replicates (63 traps) in two rice Þelds, whereas white Pherocon IC traps with sticky bottoms were set up on 24 July using three treatments replicates (27 traps) near a third rice Þeld. All traps were placed 15 m apart in a randomized complete block design in the grassy margins of each Þeld. Rice was at 75% panicle emergence (R4). The nine bait treatments for these two types of traps were (1) four females with food; (2) four females without food; (3) four males with food; (4) four males without food; (5) two females and two males with food; (6) two females and two males without food; (7) food only; (8) rubber septum charged with 50 l of methyl (2E,4Z) decadienoate, Euschistus aggregation pheromone (Aldrich et al. 1994) ; and (9) no bait. The virgin adult rice stink bugs came from a laboratory colony reared on fresh host grass panicles and leaves. Bases of freshly cut grass panicles (R5 or R6), either E. crusgalli or O. sativa, were placed in a 2-ml water vial. Bait was placed in a screen cage and wired inside the screen of the pyramid trap or stapled to the top of the Pherocon IC trap. Each sticky trap was attached to a steel rod pushed into the soil and suspended 1 m above the soil surface. Traps were checked for rice stink bugs twice daily, and baits were replaced twice weekly until 2 August (R8).
On 4 Analysis. Each sampling study had sampling units that were observed across time. Thus, the data analysis needed to account for both the variation among units at the same time and the covariances between observations on the same unit at different times. To carry out the analysis, the MIXED procedure of SAS statistical Software (version 9.1; SAS Institute 2004) was used. This procedure allows for models that can have different varianceÐ covariance structures and provides appropriate tests of the effects of Þxed factors based on these structures for the random effects.
The Þxed part of the model contained the Þxed effects of time, variety or location, and their interactions. The variances among sampling units were allowed to be homogeneous or heterogeneous with time. Various patterns of the covariances, from independence to completely unrestricted, were also allowed. Among all the candidates for varianceÐ covariance patterns, the one resulting in the smallest AIC (a goodness-of-Þt criterion for these structures) was chosen for use in the Þnal model for testing the Þxed effects and for separating means. Mean separation was done by multiple t-tests, each at the 0.05 signiÞcance level.
In addition to analyzing the count for a particular life stage by the above strategy, the count transformed by the square root or the logarithmic transformations was also analyzed. The analysis from the count is reported unless one of these transformations resulted in a simpler varianceÐ covariance structure or in a lack of signiÞcant (P Ͻ 0.05) interactions among the Þxed factors. Table 1 lists the best Þt model of variance for each rice stink bug sampling data set for each year and the corresponding values of signiÞcance.
Results
Sweep Rice. In 2001, all counts of rice stink bugs per sweep net sample of rice Þelds during rice heading (R4 to R8) differed signiÞcantly because of the interactions of rice variety of a sampled Þeld by sampling date by sampling time of day (Table 1) . On 24 July, significantly more rice stink bugs were captured at 0900 hours (in all four rice Þelds) and 1900 hours (in two rice Þelds) than at 1330 hours CDT (Table 2) . On 26 July, more rice stink bugs were captured in the evening at 1900 hours than at three of four Þelds sampled at 900 h and two of four Þelds sampled at 1330 hours. On 28 July, more rice stink bugs were captured in the evening at 1900 hours than at two of four Þelds sampled at 900 h and all four Þelds sampled at 1330 hours. On 30 July, all four Þelds sampled at 0900 hours had higher counts than did Þelds of ÔFrancisÕ and ÔWellsÕ sampled at either 1330 or 1900 hours. It was overcast and cooler on 1 and 3 August than on previous sampling dates when all Þelds had similarly high counts of rice stink bugs at all three sampling times of the day except for the ÔBengalÕ Þeld on 3 August. Overall, the ÔWellsÕ rice Þeld had 1.6 bugs per sweep net sample compared with Ͻ1.3 bugs in Þelds containing the other three rice varieties. The sweep net samples collected in the heat of the day at 1330 hours were less than at either 0900 or 1900 hours.
All counts of rice stink bugs from sweep net sampling rice Þelds (2002Ð2003) signiÞcantly differed by date (Table 1) . In 2002, during rice heading (R4 to R8), no difference was calculated in sweep net samples taken within a rice Þeld at either 3 or 30 m from the Þeld margin, so these data were combined to generate Table 3 and Fig. 1A . The number of nymphs (Յ0.7) in the rice Þeld did not differ among the Þve sampling dates. The number of rice stink bug adults and total number of all stages swept in the rice Þeld on either 12 or 18 July exceeded 2.7 bugs per 10 sweeps, which was signiÞcantly more than the 0 bugs on 25 July and 0.3 or 0.5 bugs on 1 August, respectively, and the 1 bug per sweep on 9 August recorded after an insecticide application on 19 July.
In 2003, sampling date and location signiÞcantly affected sweep net counts of both adult and total counts of rice stink bugs recorded in rice Þelds, but counts of nymphs were affected only by date (Table  1) . There were signiÞcantly more adults and total rice stink bugs swept in the Tarkington and Vice Road rice Þelds than in the Foundation Þeld (Table 4) . Rice stink bug sweep net counts in these three rice Þelds gradually increased after the start of rice heading (R4) on 21 July and peaked during grain dry down (R9) on 29 August. Sampling before rice heading (ϽR4) from 1 to 21 July produced counts of nymphs, adults, and total rice stink bugs that were signiÞcantly less (Ͻ0.6 bugs) than those swept on dates from rice heading (R4) on 21 July to grain dry down on 11 August and to harvest on 17 September (Ն0.9 bugs), but were similar to the 0.6 adults per sweep on 30 July and 0.6 nymphs per sweep on 6 August (Table 4 ; Fig. 1A) . In all cases, the presence of grass weeds in these rice Þelds was negligible. Sweep Grass Margins. Counts of nymphs, adults, and total rice stink bugs per sweep net sample of grassy margins adjacent to rice Þelds differed signiÞcantly in 2002 for the interaction of sampling date by location (Table 1) . As grains began drying on 1 August, the nymphs in only the northeast location had signiÞ-cantly more nymphs per sweep of grass (1.1) than all other sampling dates except on 25 July, which was also signiÞcantly greater than counts for 28 June and 18 July (Table 5 ). All four locations around the Þeld margin exceeded a cumulative total of 39.4 rice stink bugs swept from grass from preheading (ϽR4) on 28 June to early rice heading (R4) on 18 July. These early sweep net counts were signiÞcantly greater than the cumulative total of only 6.8 bugs swept from grass from 25 July (R4 to R8) to 9 August (grain drying ϭ R9) (Table 5 ; Fig. 1B ). The total rice stink bug counts accumulated over all sampling dates ranged from 1.3 on the south and west to 2.0 bugs in the two east Means for interaction of sampling date ϫ rice variety ϫ time of day followed by a different letter are signiÞcantly different at P Ͻ 0.05. R8 to R9 0.0a 1.0 Ϯ 0.3b 1.0 Ϯ 0.28b
Means followed by different letter in a column are signiÞcantly different at P Ͻ 0.05. a Growth stages of rice where ϽR4 ϭ before heading; R4 to R8 ϭ heading and grain Þlling; R9 ϭ grain dry down. locations. During the preheading period from 1 to 16 July 2003, the total count of rice stink bugs from sweeping grass was 18 compared with 7 swept from grass after rice heading started on 16 July. In 2002, the decrease in rice stink bug counts started before an insecticide application on 19 July. Sweep net counts of rice stink bugs on grass were signiÞcantly higher in the east margins than the margins in the south and west.
In 2003, counts of nymphs, adults, and total rice stink bugs per sweep net sample of grassy margins adjacent to rice Þelds differed signiÞcantly for the interaction of sampling date by location (Table 1) . Sweep net samples of grass margins of three rice Þelds on all dates during preheading from 1 to 16 July and during rice grain dry down (ϾR8) from 29 August to 29 September (harvest was on 17 September) were all signiÞcantly greater than sweep net counts of grass during the rice heading period from 30 July to 11 August, except for the Vice Road Þeld margin, which had high sweep net counts on 6 August (Table 6 ; Fig.   1B ). Sweep net count accumulations were 14.8, 25, and 21.2 adult bugs across preheading dates, 3.2, 22.8, and 7.8 adult bugs across rice grain dry down (ϾR8) dates, and 1, 0.2, and 6.6 adult bugs across rice heading dates, respectively, for the Foundation, Tarkington, and Vice Road rice Þelds. Similar but slightly larger total counts were recorded. In contrast, the number of nymphs swept from grassy margins were signiÞcantly greater during the early rice heading period (R4) on 21 July in both the Foundation and Vice Road Þelds and 30 July in the Tarkington Þeld than sweep net counts for the following 2 (Tarkington), 3 (Vice Road), or 4 (Foundation) wk and during preheading on 1 July.
Panicle. In 2002, the total visual counts of rice stink bugs on grass panicles in grassy margins adjacent to rice Þelds differed signiÞcantly for the interaction of date by location (Table 1 ). The cumulative panicle counts for each of the four grassy margins were all Ͼ33 rice stink bugs per panicle sample during the preheading period (ϽR4) from 28 June to 12 July, which was Log sweep net counts of rice stink bug nymphs (N), adults (A), and totals (T) (؎SE) in four locations in a grassy Means for date by location for nymphs, adults, or totals followed by different letters in a column are signiÞcantly different at P Ͻ 0.05. a SE for no. of nymphs for each date are the same for all four locations: 0.09; 0.21; 0.17; 0.09; 0.31; 0.17; 0.14. SE for no. of adults for each date are the same for all four locations: 0.29; 0.17; 0.24; 0.34; 0.12; 0.15; 0.3. SE for total no. for each date are the same for all four locations: 0.29; 0.16; 0.24; 0.32; 0.29; 0.14; 0.32. SE for total numbers by date across all four locations: 0.14; 0.08; 0.12; 0.16; 0.14; 0.07; 0.16. SE for total numbers by location across all seven dates: 0.07. NE, northeast; SE, southeast; S, south; W, west. Means for given location across dates in a column followed by different capital letter or date across locations in a row under a heading of nymph, adult, or total followed by a different lowercase letter are signiÞcantly different at P Ͻ 0.05.
a Growth stages of rice where ϽR4 ϭ before heading; R4 to R8 ϭ heading and grain Þlling; R9 ϭ grain dry down; H ϭ harvest; PH ϭ postharvest.
b SE for no. of nymphs by each date are the same for all three locations (no data taken for dates 2 and 3): 0.12; 0.85; 1.08; 0.69; 0.31; 1.77; 1.98; 0.52. SE for no. of adults by each date are the same for all three locations: 3.65; 2.23; 1.41; 0.18; 0.16; 0.73; 0.16; 2.01; 1.89; 1.64. SE for total no. by each date are the same for all three locations: 3.58; 2.18; 1.44; 0.9; 1.15; 1.04; 0.38; 3.65; 3.12; 1.85. F, Foundation; T, Tarkington; V, Vice Road.
signiÞcantly greater than the accumulative count on panicles Յ2.6 bugs from rice heading (R4) starting on 18 July to grain dry down (R9) on 9 August (Table 7 ; (Table 1 ). In 2001, the total of 23 rice stink bugs (0.25 rice stink bugs per trap) captured in 91 yellow pyramid traps had a sex ratio of Ϸ1:1 during the rice heading period (R4 to R8) from 12 July to 9 August. These trap counts were too low to detect signiÞcance differences among treatment means.
In 2002, there was a signiÞcantly greater trap catch from preheading on 4 June to heading on 12 July than at all other dates, whereas counts during grain dry down (R9) on 22 August (harvested later that week) to after harvest on 27 September had signiÞcantly more stink bugs than from rice heading on 12 July through grain drying by 22 August or after 27 September (Table 8 ; Fig. 1C ). In October, very low trap counts (0.4 bugs) were recorded when rice stink bugs were thought to be ßying to overwintering sites. Similar counts for these sampling periods were recorded from sweep net sampling grass (Table 5 ) and visual counts on grass panicles (Table 7) in the grass margins near these traps ( Fig. 1B and C) . Postharvest count of 2.9 rice stink bugs per trap on 5 September was signiÞcantly less than the 16.0 bugs per trap on 12 September and 21.2 bugs caught on 27 September, which were similar. The effect of trap location around a Þeld was not signiÞcant despite the presence of different host grasses surrounding these traps. Dallisgrass, Paspalum dilatatum Poir., was in abundance in the vicinity of trap 2 and traps 5Ð10. The predominant grass species around traps 1 and 4 was P. urvillei. Trap 3 had a combination of P. urvillei and P. dilatatum. Other less abundant rice stink bug host grass species around traps included E. crusgalli and D. sanguinalis and nonhosts such as foxtail, Setaria spp., and S. halepense.
In 2003, total numbers of rice stink bugs per yellow pyramid traps differed signiÞcantly by interaction of date by location but not by location alone (Table 1) . The trap catch of 2.8 bugs from the grassy margin of the Vice Road was signiÞcantly greater than the 2.0 and 1.9 bugs from the Tarkington and Foundation sites Means for a location across dates in a column followed by different capital letters or for a given date across locations in a row followed by different lowercase letters are signiÞcantly different at P Ͻ 0.05.
a Growth stages of rice where ϽR4 ϭ before heading; R4 to R8 ϭ heading and grain Þlling; R9 ϭ grain dry down. b SE for each counts by date in a row are as follows: 1.74; 1.95; 0.67; 0.4; 0.28; 0.24; 0.33. a Growth stages of rice where ϽR4 ϭ before heading; R4 to R8 ϭ heading and grain Þlling; ϾR9 ϭ grain dry down; PH ϭ postharvest; OW ϭ seeking overwintering sites.
See Table 6 for abbreviations.
from 1 to 21 July (preheading Յ R4; Table 8 ). These counts from Vice Road and Tarkington were signiÞ-cantly greater than all other counts (Յ0.9 bugs) for all locations at later sampling periods (Table 8 ; Fig. 1C ). The two lowest trap catches (Յ0.3 bugs) were in the Foundation and Vice Road rice Þeld margins from rice heading on 21 July through grain dry down and harvest on 29 August.
Discussion
We hypothesize that rice stink bug dispersal behavior changes with stages of rice growth. Initially, it disperses between alternate grass hosts using vision up to rice heading (R4) and again after harvest. Because the catch of rice stink bugs in yellow pyramid traps occurred only before and after the rice heading and maturation period, odor or other stimuli in addition to vision direct dispersal of rice stink bugs from alternate host grasses to rice Þelds during heading, maturation (R5 to R8), grain dry down (R9), and through harvest. Odglen and Warren (1962) obtained similar results by sampling rice stink bugs at different times of the season. They found a decline in rice stink bug population in grassy areas, with population buildup in rice as the rice began heading. Jones and Cherry (1986) reported that rice stink bug populations peaked in the rice Þeld when it was fully headed in late July to early August.
Sweep net counts of rice stink bugs have been used to make decisions about applying insecticides. For hot sunny days, our data suggest that rice Þelds be swept for rice stink bugs either early (0900 hours) or later (1900 hours) in the day than during the heat of midday. Rice stink bugs appear to move to lower parts of plant during the heat of midday (Table 2) . Insecticides registered for rice are known to be more efÞcient when directly contacting rice stink bug. Thus, sprays during the morning or evening may be more efÞca-cious because more rice stink bugs are present in the upper canopy than during the middle of the day on sunny days.
Increasing counts of rice stink bugs in sweep net samples in rice after rice begins to head and mature in late July and August (Fig. 1A) compared with declining counts in the grassy margins during the same period (Fig. 1B) may be attributed to the rice stink bug dispersing from the relatively smaller grassy patches in the rice Þeld margins into the larger area covered by heading rice (Odglen and Warren 1962, Rashid et al. 2002) . These increased counts in the rice Þeld corresponded to a signiÞcant drop in counts from sweep net, visual, and yellow pyramid trap samples recorded from the grassy margins adjacent to the rice Þeld (Figs.  1AÐC) . In 2002, trapping indicated that the rice stink bugs were gradually moving out of rice Þelds after rice harvest on either 29 August or 6 September.
Other sampling methods besides sweep net or visual counts may be developed to predict rice stink bug population density in rice. In 2001, there were low trap catches during rice heading. In 2002, traps caught rice stink bugs only before and after rice heading. These data suggest that the stimuli from a heading rice Þeld out competes the visual attractiveness of yellow traps with or without baits. In 2003, the trap counts were relatively lower than in 2002 both before and after rice heading. This coincided with rice producers being more diligent about mowing grassy margins of rice Þelds during R2 to R4 rice growth stages.
Further research is needed in at least two areas: to show if pyramid traps monitored in Þeld margins before 75% rice heading can predict if the rice stink bug population dispersing to heading rice will exceed an economic threshold of Þve rice stink bugs per 10 sweeps and to determine the relationship of rice stink bug density on adjacent alternate host grasses in rice Þeld margins to the subsequent population density in rice Þelds during heading. Learning to make insecticide spray timing decisions after properly interpreting the number of rice stink bugs sampled in or around a rice Þeld in combination with cultural control (mowing host grasses 2Ð 4 wk before rice heading) is expected to minimize rice stink bug population build up around rice Þelds and keep this pest below the economic injury level.
